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TECHNICAL FIELD OF THE INVENTION 



The present invention relates generally to carbon dioxide (CO2) lasers. The invention 
relates in particular to pulsed lasers emitting radiation at wavelengths between about 9.2 
micrometers (|im) and about 9.7 \im. 



Waveguide CO2 lasers are lasers in which lasing modes are constrained in zigzag 
arrangement of waveguide channels machined in a ceramic slab. Aluminum oxide (alumina - 
AI2O3) is the most commonly used ceramic material for the waveguide slab, for reasons 
including ease of machinability and a low cost relative to other machinable ceramics. The 

1 5 aluminum oxide ceramic slab is bounded by electrodes for exciting an RF discharge in a 
lasing gas in the waveguide channels. The RF discharge energizes the lasing gas for 
providing optical gain. A plurality of mirrors provides a folded laser resonator having a 
resonator axis extending through the zigzag arrangement of waveguides. Waveguide CO2 
lasers can be arranged to emit radiation at a wavelength within certain characteristic bands of 

20 wavelengths extending from about 9.2 ^m to 10.8 |xm. A particular laser wavelength is 
typically selected by the use of wavelength selective reflective coatings for the resonator 
mirrors. The most common C02 laser wavelength is 10.6 ^im. 

Wavelengths between about 9.2 [im and 9.7 jim are particularly useful for laser 
drilling in printed circuit board (PCB) materials. This is because these materials have a 

25 greater absorption for wavelengths in this wavelength range than for longer wavelengths. 
Unfortunately, the average power output for a pulsed waveguide C02 laser operating at a 
wavelength between about 9.2 jam and 9.7 jim is significantly less than for the same laser 
operating at 10.6 jam. By way of example, a Coherent-DEOS™ model LC-40 operating in a 
continuous wave (CW) mode at wavelength of 10.6 jim is capable of delivering an average 

30 power of about 40 Watts (W). The same laser operating at a wavelength of about 9.7 ^m is 
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capable of delivering only about 3 W. There is a need for increased average power output for 
waveguide CO2 lasers operating at wavelengths between about 9.2 |im and 9.7 |im. 

SUMMARY OF THE INVENTION 
5 In one aspect, a laser in accordance with the present invention comprises a waveguide 

block of a beryllium oxide (beryllia - BeO) ceramic material. The waveguide block has at 
least one waveguide channel formed therein. A lasing gas including carbon dioxide is 
included within the waveguide channel. A laser resonator has a resonator axis extending 
through the waveguide channel. The waveguide block is located between electrodes 

10 arranged to energize the lasing gas such that laser radiation is generated in the laser 
resonator. The laser radiation has a wavelength between about 9.2 ^m and 9.7 jum. 

A preferred embodiment of the inventive laser includes seven waveguide channels 
arranged in a zigzag pattern. The resonator is folded by a plurality of mirrors such that the 
resonator axis extends through the waveguide channels. The laser includes a Q-switch 

1 5 arrangement and is operated to deliver the laser radiation as repeated bursts of Q-switched 
pulses. In an example wherein the laser is operated to deliver repeated bursts of 3 pulses of 
9.27 jwn, with individual pulses in the bursts having a pulse repetition frequency of about 60 
KHz and width the bursts of pulses having a burst repetition frequency of about 3.5 KHz, the 
inventive laser has an average output power about 55% greater than that of a similarly 

20 configured prior-art laser having a waveguide block of an alumina ceramic material and 
operated at the same wavelength and the same pulse conditions. 

BRIEF DESCRIPTION OF THE DRAWINGS 
The accompanying drawings, which are incorporated in and constitute a part of the 
25 specification, schematically illustrate a preferred embodiment of the present invention, and 
together with the general description given above and the detailed description of the 
preferred embodiment given below, serve to explain the principles of the present invention. 

FIG. 1 is a plan view schematically illustrating a preferred embodiment of a 
30 waveguide CO2 laser in accordance with the present invention having a plurality of 
waveguide channels machined in a BeO slab. 
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FIG. 2 is a cross-section view seen generally in the direction 2-2 of FIG. 1, 
schematically illustrating the details of one preferred arrangement of the BeO slab and 
waveguide channels of FIG. 1. 

5 

FIG. 3 is a cross-section view seen generally in the direction 2-2 of FIG. 1, 
schematically illustrating the details of another preferred arrangement of the BeO slab and 
waveguide channels of FIG. 1. 

10 FIGS 4A-C are fragmentary cross-section views schematically illustrating examples 

of preferred cross-section shapes for waveguide channels in a waveguide laser in accordance 
width the present invention. 

FIG. 5 is a bar chart schematically depicting average output power for various 
15 examples of the BeO waveguide laser of FIGS 1 and 2 delivering repeated bursts of pulses in 
different modes, and also depicting the average output power of one example of a similarly 
configured prior-art alumina waveguide laser. 

FIG. 6 is a graph schematically illustrating average output power 
20 as a function of burst repetition frequency for an example of the BeO waveguide laser 

configuration of FIGS 1 and 2, and for an example of the BeO waveguide laser configuration 
of FIGS 1 and 3, delivering repeated bursts of three pulses, and also illustrating average 
power as a function of burst repetition frequency for one example of a similarly configured 
and operated prior-art alumina waveguide laser. 

25 

DETAILED DESCRIPTION OF THE INVENTION 
Turning now to the drawings wherein like features are designated by like reference 
numerals, FIG. 1 and FIG. 2 depict one preferred embodiment 10 of a Q-switched, pulsed 
CO2 laser in accordance with the present invention. The laser is arranged to deliver laser 
30 radiation at a selected wavelength in a wavelength range between about 9.2 |im and 9.7 |im. 
Laser 10 includes a laser resonator terminated by a maximally reflecting mirror 12 and a 
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partially reflecting mirror 14. Mirror 14 serves an output coupling (OC) mirror. By way of 
example, mirror 12 preferably has a reflectivity greater than 99%, and mirror 14 preferably 
has a reflectivity between about 20% and 40%. Laser 10 includes a Q-switch arrangement 16 
for causing the laser to operate as a pulsed laser. Q-switch arrangement 16, here, includes a 
5 thin film polarizer (TFP) 17, a cadmium telluride (CdTe) electro-optical switch 18 and a 
reflective phase retarder (RPR) 20. Details of operation this and other possible Q-switch 
arrangements are not necessary for understanding principles of the present invention. 
Accordingly no such details are described or depicted herein. 

Laser 10 has a resonator axis 22 folded into a zigzag form by two single fold 

10 mirrors 24 and two double fold mirrors 26. One or more of these mirrors, and mirrors 12 and 
14, are provided with wavelength selective reflective coatings designed to select the laser 
oscillating (output) wavelength from a range of possible wavelengths in the above-discussed 
9.2 |nm to 9.7 jam range. 

Laser 10 includes a rectangular slab or block 30 of a BeO ceramic material in which 

1 5 are machined a plurality of waveguide channels (waveguides) 32. Waveguides 32 are 
arranged end-to-end in a zigzag fashion, and resonator axis 22 extends through the 
waveguides. One preferred cross-section shape for waveguides 32 is rectangular with 
waveguide having a cross-section width W (see FIG. 4A) about twice the cross-section 
height (waveguide depth) H. Pressure relief channels 34 extend across BeO slab 30 to 

20 connect the waveguide channels. This helps damp acoustic resonances and facilitates 
ignition of a discharge in a lasing gas mixture including CO2 in the waveguide channels. 

Referring in particular to FIG. 2, in one preferred arrangement BeO slab 30 is 
contained in a sealed metal housing 40, for example, an aluminum housing. Housing 40 is 
electrically connected to ground potential. Space 42 within the housing is filled with the 

25 lasing gas mixture, which, as noted above, also fills waveguide channels 32. BeO slab 30 is 
sandwiched between an internally raised portion 44 of housing 40 and an elongated 
rectangular electrode 46. Electrode 46 is generally referred to as the live or "hot" electrode 
and covers a region of BeO block 30 approximately indicated in FIG. 1 by dashed line 46. 
Raised portion 44 of housing 40 may be referred to as the ground electrode, which, here, 

30 being an integral part of housing 40, is electrically connected to ground. A BeO plate 33 is in 
contact with raised portion 44 of housing 40 and extends over BeO slab 30 such all 
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waveguide channels 32 thereof are covered by the BeO plate and, accordingly are bounded 
by beryllium oxide on all sides thereof. 

An LC path to ground is provided for live electrode 46 via flat-coil or serpentine 
inductors 50. The inductors are spaced apart from electrode 46 by ceramic spacers 52 and 
5 grounded by low inductance coil springs 54 to housing 40. RF power from a power supply 
(not shown) is applied to electrode 46 via a connector 56 extending through gas container 40 
via an insulated feedthrough 58. The RF power causes a discharge to be generated 
waveguide channels 32. The gas discharge energizes the C0 2 lasing gas mixture causing 
laser radiation to circulate in the resonator along resonator axis 22. The laser radiation exits 

10 the resonator via OC mirror 14. 

Referring to FIG. 3 another arrangement of BeO slab 30 is similar to the arrangement 
of FIG. 2, with an exception that BeO plate 33 is replaced by a titanium (Ti) plate 35. 
Electrode 44 (of aluminum) acquires an oxide layer of self limiting thickness due to exposure 
to air and during operation of the laser. This layer would tend to flake as a result of thermal 

15 cycling and exposure to the discharge. Titanium plate 35 also rapidly acquires an oxide layer 
of self-limiting thickness from exposure to air, however, titanium oxide has a sufficiently 
close match to that of the metallic titanium that the film does not flake off due to thermal 
cycling or exposure to the discharge. Such a titanium plate is often deployed on electrodes in 
prior-art waveguide lasers wherein waveguide channels are formed in an alumina ceramic 

20 slab. 

It should be noted, here, that only sufficient details of laser 10 for understanding 
principles of the inventive igniter arrangement are described herein. A more detailed 
description of folded-waveguide lasers in general is provided in U.S. Patent No. 6,192,061. 
Other relevant background can be found in 5,680,412; 2003/0156615 and PCT 
25 WO 01/86767. Each of the patent documents cited in this paragraph are incorporated 
herein by reference. 

Test were performed in an example of a laser 10 wherein waveguide channels 32 each 
have a length of about 50.0 centimeters (cm) providing a total waveguide (energized) length 
of about 350 cm. Waveguide channels 32 have a width of 0.220 inches and a depth of 0. 1 1 0 
30 inches. Tests were made with the waveguide channels were covered by a BeO plate as 
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depicted in FIG. 2 and also with the waveguide channels covered by a titanium plate as 
depicted in FIG 3. 

It was found for the case where the waveguide channels were covered with a BeO 
plate that average power output and peak-power output when operating the laser in a pulsed 
5 Q-switched mode at a wavelength of about 9.27 \im was up to about 50% higher than were 
the same values in a similarly configured laser wherein the waveguide slab (slab 40) ceramic 
material was an alumina (aluminum oxide) ceramic and the waveguide channels were 
covered with a titanium plate. In a differently configured laser with only three waveguide 
channels, it was found that 23 W average power output could be obtained when operating the 

10 inventive BeO waveguide laser at a wavelength of about 9.7 ^im, while only 3W average 
output power was obtained from a similarly configured laser having waveguides in an 
alumina ceramic slab with waveguide channels covered by a titanium plate. When operating 
at the more common CO2 laser wavelength of 10.6 |im, the BeO material did not appear to 
provide any significant increase in output power compared with the output power of a 

1 5 similarly configured laser having waveguides in an alumina ceramic slab. Without being 
limited to a particular theory, it is believed that the power output increases realized in the 
inventive laser are achieved because the BeO waveguide channels have a significantly lower 
waveguide attenuation constant for wavelengths between about 9.2 and 9.7 than that for 
similarly configured waveguides in alumina. 

20 Those skilled in the art will recognize that the cost of a BeO slab having waveguide 

channels machined therein may be as much three to five times higher that the cost of an 
alumina slab of the same size and having the same number and configuration of waveguide 
channels therein. For a Q-switch CO2 laser used for sophisticated applications such as PCB 
drilling and machining, this cost increase can be acceptable in return for a 40 to 50% increase 

25 in average power output. 

A detailed discussion of above-described tests of the example of the inventive laser 
are set forth below with reference to FIG. 5 and FIG. 6. FIG. 5 is a bar chart schematically 
illustrating a comparison of the average output power of a Q-switched CO2 laser, operated at 
a lasing gas pressure between about 80 and 100 Torr, utilizing alumina and BeO ceramic 

30 dielectric waveguides, operating at 9.27 \im in a burst-mode of operation. Burst mode 
operation is frequently used in PCB laser-machining applications. In this burst mode of 
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operation, bursts of pulses, here numbering 3, 7, or 15 pulses per burst were repeatedly 
delivered at a burst delivery rate or burst repetition frequency (BRF) of about 2.1 KHz. The 
pulse repetition frequency (PRF) of Q-switched pulses within a burst was about 60.0 KHz. 
In the BeO waveguide laser, the BeO ceramic waveguides were covered by a BeO plate as 
5 illustrated in FIG. 2 

As noted in the bar chart of FIG. 5, average power output was measured for examples 
of the inventive BeO waveguide laser having waveguide heights of 0.090, 0.100, and 0.1 10 
inch, and with an output coupling (OC) mirror having a reflectivity (R) of about 32% (see 
bars 61, 62, and 63 respectively). Power output was also measured for an example of the 

10 inventive BeO waveguide laser having a waveguide height 0. 1 1 0 inch with an OC mirror 
having a reflectivity of about 25% (see bars 64). These power output measurements were 
compared with average power output measurements of a similarly configured titanium-plate- 
covered alumina waveguide laser wherein the waveguide height was 0.1 10 inch and the 
reflectivity of the OC mirror was 32% (see bars 65). 

1 5 The measurements indicate that, at the lasing gas pressure of between about 80 and 

100 Torr, a waveguide height of 0.1 10 inch provided superior performance over the 0.100 
and 0.090 inch waveguide height configurations of the inventive laser. Those skilled in the 
art will recognize, however, that optimum waveguide dimensions usually decrease with 
decreasing gas pressure. In this example, an OC mirror reflectivity of 32% provided slightly 

20 superior performance over an OC mirror reflectivity of 25% of the inventive BeO waveguide 
laser having a 0.1 10 inch waveguide height. In a 15 pulse burst mode, a 42% improvement 
in average power output over the prior-art alumina waveguide laser was obtained for the 
inventive BeO waveguide laser, having a 0.1 10" waveguide height, and a 32% reflectivity 
OC mirror. A 51% improvement was obtained in a 3 pulse burst mode, and a 45% 

25 improvement was obtained in a 7 pulse burst mode. 

FIG. 6 graphically depicts the average output power of the above-discussed example 
of the inventive BeO waveguide laser as a function of the burst repetition frequency (burst 
delivery rate) when operated in a 3 pulse burst mode. Triangular plot points depict the 
performance of an example wherein the BeO waveguide channels are covered by a BeO 

30 plate. Square plot points depict the performance of an example wherein the BeO waveguide 
channels are covered by a Ti plate. The average output power as a function of burst 
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repetition frequency of a similarly configured Ti plate covered alumina waveguide laser is 
also depicted (circular plot points). It can be seen that for all burst rates greater than about 
3.0 KHz, the average laser power output performance is significantly better for the inventive 
BeO waveguide laser than for the prior-art alumina waveguide laser. At all burst repetition 
5 frequencies between 3.0 and 5.0 KHz improvement in power output is about 55% to 60% for 
the BeO plate covered example. Other measurements indicated that comparable 
improvement was achievable at burst repetition frequencies as low as 1.0 KHz. 

It should be noted here that while the present invention is described above in the 
context of a Q-switched, pulsed, folded-waveguide laser including seven waveguide channels 

10 the invention is not limited to this laser configuration. Above discussed advantages of the 
invention may be realized in any waveguide laser wherein there is at least one waveguide 
channel machined in a BeO slab or block. The waveguide channel or channels may be 
rectangular as exemplified above, or may be some other shape such as rectangular with 
rounded corners, or semicircular. By way of example, FIG. 4B shows a waveguide 

15 channel 32B having a rounded-rectangular cross-section. FIG 4C shows a waveguide 32C 
having a semicircular cross-section. The laser may be operated in any pulsed mode or in a 
continuous wave (CW) mode. It should also be noted that while waveguide channels 30, 32, 
and 34 are described herein as being of uniform width, they may be tapered in width along 
their length such that, at a constant waveguide height, the discharge volume increases with 

20 waveguide length. Such an electrode arrangement can be used to shorten the overall length 
of a folded waveguide laser, and several such arrangements are described in U.S. Patent 
Application No. 10/277,272, filed October 21, 2002, the complete disclosure of which is also 
hereby incorporated by reference. It is emphasized, however, that above-described 
advantages of the invention can only be expected if the laser is operated at a wavelength 

25 between about 9.2 jxm and 9.7 |im. 

In practice, ceramic materials used for laser applications are typically manufactured 
with relatively high degrees of purity. Such materials would be preferred to implement the 
subject invention. However, improvements in performance might be realized with a ceramic 
structure that was formed predominantly (rather than entirely) of BeO. 

30 In addition, it is not necessary that the entire block 30 be formed from BeO. Rather, 

it is only necessary that the waveguide channels be formed from BeO. Thus, it would be 
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possible to form the block 30 from a different material and provide a coating of BeO material 
in the waveguide channels. 

In summary, the present invention is described herein in terms of a preferred and 
other embodiments. The invention is not limited, however, by the embodiments described 
5 and depicted. Rather the invention is limited only by the claims appended hereto. 
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